Walls of the bacteroid form of Rhizobium leguminosarum, from plant nodules, and walls of free-living R. leguminosarum were isolated and compared by extraction with aqueous phenol and chemical analysis. Bacteroid walls had less lipopolysaccharide than walls isolated from bacteria cultured on four different media. This difference may be relevant to the relatively greater permeability of the outer membrane of bacteroids, and important in symbiotic interactions.
I N T R O D U C T I O N
The symbiotic form of Rhizobium is responsible for nitrogen fixation in root nodules of leguminous plants, and occurs mainly as swollen pleomorphic forms called bacteroids. In contrast, free-living rhizobia are rod-shaped when grown on most media.
The wall of Gram-negative bacteria such as Rhizobium contains a rigid layer of mucopeptide with covalently linked lipoprotein. In addition, non-covalently bound to the rigid layer, there is an outer membrane composed of a complex of lipopolysaccharide, lipids, lipoproteins and proteins (Reaveley & Burge, 1972) .
The suggestion that the rhizobial wall is of significance in symbiosis is due to Schwinghamer (1968) and Jordan, Yamamura & McKague (1969) and is supported by observations indicating that the bacteroid outer membrane is more permeable than that of the free-living bacteria. Thus, Rhizobium feguminosarum bacteroids are more sensitive to digestion with lysozyme than are free-living bacteria. Bacteroids are also much less resistant than bacteria to hydrolysis by trypsin, or treatment with sodium dodecyl sulphate, sodium deoxycholate, Triton X-100 or EDTA ( van Brussel, 1973, and unpublished observations) . Further, in R. lupini, the bacteroids are more permeable to chloramphenicol than the corresponding bacterial form (Coventry & Dilworth, 1975 ). Costerton, Ingram & Cheng (I 974) described similar observations for other bacteria with known defects in the outer membrane.
The composition of bacterial walls is affected by the composition of the growth medium (Ellwood & Tempest, 1972) . Studies of changes which occur in the composition of the wall during bacteroid formation may aid our understanding of several phenomena : for example, why bacteroids are pleomorphic ; the interactions which occur through the complicated system of membranous layers which separate bacteroids from host cytoplasm ; and the specific recognition sites present on the surface of Rhizobium (Dazzo & Hubbell, 1975; Wolpert & Albersheim, 1976; Planqu6 & Kijne, 1977) .
The present paper reports a comparison of the walls of bacteroids and bacteria of R. leguminosarurn grown on four different media. It is shown that the lipopolysaccharide content of walls of bacteroids is different from that of walls of free-living bacteria. The bacteria were cultured at 25 "C in I 1 of medium A or B + Y or in 15 I of medium B or C. The former were aerated by shaking on a gyratory shaker at 240 rev. min-l; the latter by bubbling humidified air.
Generation times in medium A or B + Y were 3 k 0.5 h; and in medium B or C, 9.5 t-0.5 h. Bacteria grown in medium B or B + Y had the normal rod form. In medium A both normal and slightly swollen rods occurred, while in medium C most bacteria were irregularly shaped swollen rods. The pH of media A, B and B+Y remained constant during culture, but in medium C the pH had decreased to 5 by the time of harvest. Bacteria were harvested before the end of the exponential growth phase with a continuous flow centrifuge system at 3 I ooo g. They were washed twice in ice-cold water, frozen with liquid nitrogen, freezedried, and then stored at -20 "C.
Pisum sativum L. var. Rondo (Cebeco, Rotterdam, Holland) was grown in tubes as described by Libbenga & Harkes (1973) and watered with the nitrogen-free medium of Raggio & Raggio (1956) . Seeds were inoculated with R. leguminosarum strain A I 71 before planting.
Preparation of bacteroids. Root nodules were detached from the roots and crushed in 0.3 M-sucrose at 4 "C. The bacteroid fraction was purified by filtering through a coarse glass filter, centrifuging twice at I IOO g for 10 min in cold 0.3 M-sucrose, and then washing three times in cold distilled water to remove the sucrose. The bacteroid suspension so obtained contained at least 95 % typical bacteroid forms and negligible traces of plant debris. The suspension was then treated and stored as described above for bacteria. Most bacteroid forms were up to three times larger than cultured forms, and were rods, Y-or X-shaped.
Wall isolation and purification. Walls were prepared by shaking a 3 % (w/v) suspension of freeze-dried organisms in water with glass beads at below 6 "C. The wall fraction was purified by centrifugation (12000 g , 10 min) and resuspension in cold distilled water, repeated six times. The removal of nucleic acids and proteins in the supernatant fluid was followed by monitoring the ultraviolet absorption spectrum between 200 and 320 nm. Contamination of walls was examined by electron microscopy after staining with uranyl acetate or neutral phosphotungstic acid. Wall contamination by membrane-bound enzymes was estimated by measuring the NADH oxidase activity (Osborn et al., 1972) . 
RESULTS

Purity of wall preparations
Wall preparations always showed some contaminating material when examined by light or electron microscopy. Walls were transparent under phase contrast microscopy, and contaminating material could be seen within the wall husks and suspending fluid. Contamination was also visible by electron microscopy. No obvious differences in the degree of contamination between bacterial and bacteroid walls was observed. NADH oxidase activity (a cytoplasmic membrane marker) of wall preparations was 10 to 15 % of the total activity of extracts. Further washing of the walls did not decrease this activity which was attributed to tightly-bound fragments of cytoplasmic membrane. Wall preparations from organisms grown in medium C had no detectable NADH oxidase activity. Poly-P-hydroxybutyrate, which is phenol soluble (Vincent, Humphrey & North, 1962) , comprised less than 3 % of the material in the phenol extracts from wall preparations and less than 0.3 % of the phenol-insoluble residue.
Controls on the production of artefacts The possibility that alterations in the composition of the walls might occur during isolation of the bacteroids was tested by incubating bacterial walls in a cell-and bacteroidfree nodule homogenate for 30 min at o "C. No differences were found between the phenol extracts of incubated walls and unincubated walls isolated from organisms grown in medium B+Y. Thus, if changes in bacteroid walls occur during isolation from nodules, they are caused by a sensitivity of bacteroid walls to nodule factors different from that of walls of bacteria grown in medium B + Y.
Extraction of wall preparations with aqueous phenol
Walls of bacteria can be separated into three fractions after extraction with aqueous phenol : lipopolysaccharide remains in the aqueous phase ; non-covalently bound protein together with lipoprotein is extracted into the phenolic phase; and the mucopeptidelipoprotein complex is found in the insoluble residue of the interface and also in the pellet obtained on centrifuging.
Extraction of walls of bacteroids and bacteria grown in medium C or A resulted in a scarcely visible interface. However, with walls from organisms grown in medium B or B+Y, some insoluble material remained at the interface even after the third extraction. The dialysed and freeze-dried material from the phenolic phase was brown and that from the aqueous phase white, irrespective of the source of the walls. The insoluble residue of mucopeptide-lipoprotein was compact and white when isolated from walls of organisms grown in medium A, B or B f Y , but grey and less compact from walls of organisms grown in medium C.
Bacteroid walls gave less material in the aqueous phase and more insoluble residue than bacterial walls (Table I ). The amount of material in the phenolic phase from both bacteria and bacteroids was approximately the same. There was no significant difference in the recovery of material. The amount of material in the aqueous phase from walls of bacteria cultured on a given medium was fairly constant; there was some variation between media, but amounts were never as low as those obtained from bacteroid walls, Differences in the amount of material extracted into the aqueous phase are consistent with differences in the quantity or the solubility properties of the lipopolysaccharide (Galanos, Liideritz & Westphal, 1969) . The presence of lipopolysaccharide in the aqueous phase was confirmed by the Dische reaction, which showed an absorption spectrum consistent with the presence of heptose, a constituent of lipopolysaccharide. Material of the aqueous phase contained proportionately more heptose than did the wall (Table 2) . Changes in the total amount of heptose in a particular wall preparation and in material extracted into the aqueous phase corresponded to changes in the total amount of carbohydrate (Table 2 ). This correlation is in agreement with differences in the lipopolysaccharide component of bacterial and bacteroid walls.
D I S C U S S I O N
The contamination by non-cell wall material did not significantly affect the estimations of the components of different wall preparations, hence if changes in the composition of bacteroid walls occur during isolation from nodules, they must be attributed to intrinsic properties of the wall. Since bacteroid walls give less material in the aqueous phase on extraction with aqueous phenol, and have lower carbohydrate and heptose contents than bacterial walls, we suppose that these factors may account for the greater permeability of bacteroid walls.
Walls from bacteria grown in medium A and, especially, in medium C had less heptose and less material was extracted from them into the aqueous phase than walls from bacteria grown in medium B or medium B + Y. Organisms from the latter media were morphologically normal, whereas those from medium A and, especially, medium C were aberrant, as noted for growth on unbalanced media by Jordan & Coulter (1965) and by Sherwood (1972) . These aberrant forms are probably caused by fragmentation of the rigid layer of the wall and subsequent bulging produced by osmotic pressure. Fragmentation of the rigid layer reduces the retention of outer membrane components such as lipopolysaccharide (Hofschneider & Martin, I 968) with a concomitant increase in permeability for molecules such as lysozyme (Burman, Nordstrom & Bloom, 1972) . This may be why bacteria grown in medium A and, probably, in medium C are more sensitive to lysozyme than bacteria grown in medium B or B+Y (van Brussel, 1973) . This may also be true for bacteroids, which have very little aqueous phase material and heptose in their walls, and are extremely sensitive to treatment with lysozyme (van Brussel, 1973) .
Alternatively, bacteroid lipopolysaccharide may be organized as in some rough bacterial strains where truncated lipopolysaccharide molecules contribute less to the dry weight of the wall. Further, as with some rough bacteria, the lipopolysaccharide may not be totally recovered in the aqueous phase on phenol extraction because of its increased hydrophobicity (Galanos et al., I 969) . Another similarity of bacteroids with rough bacteria is their greater permeability compared with smooth bacterial forms (Tamaki, Sat0 & Matsuhashi, I 97 I).
In conclusion, the differences we have found in composition between the walls of bacterial and bacteroid forms may be due to bacteroids having less lipopolysaccharide in their walls than bacteria, However, the data do not exclude the possibilities that bacteroids may have a rough and bacteria a smooth-type lipopolysaccharide in their walls, or that bacteroids may have a more loosely bound lipopolysaccharide than bacteria which is lost during the isolation procedures.
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